one sentence summary: Anaerobic methane-oxidizing archaea subgroups have different distribution patterns in sediment of the Haima cold seep in the west part of the northern slope of South China Sea. Editor: Gary King
INTRODUCTION
Marine sediment is the largest reservoir of methane, containing approximately 500-2500 Gt of dissolved and hydrated methane carbon, mainly in continental margins (Milkov 2004) . In localized specific areas named cold seeps, hydrocarbon-rich (primarily methane) fluids rise to the seafloor, and support oasis ecosystems composed of various microorganisms and faunal assemblages (Gibson, Atkinson and Gordon 2005) . The ecosystems in the cold seeps are essentially supported by chemosynthetic microorganisms that utilize inorganic energy sources to sustain abundant benthic communities, generating hotspots of biomass and diversity in the seafloor (Knittel et al. 2005; Cordes, Bergquist and Fisher 2009; Pasulka et al. 2016) . Despite the presence of a massive amount of methane, ∼75% of the methane (0.06 Gt of carbon per year) emitted to the surface seafloor from the underlying subsurface is consumed anaerobically (anaerobic oxidation of methane; AOM) by microbial consortia of anaerobic methane-oxidizing archaea (ANME) and sulfate-reducing bacteria (Boetius and Wenzhöfer 2013) . Three types of ANME, namely, ANME-1, -2, and -3, have been described to date, though no pure cultures are available (Hinrichs et al. 1999; Knittel et al. 2005; Knittel and Boetius 2009 ). Ruff and co-workers compared the archaeal and bacterial diversity of 23 globally distributed methane seeps with other seafloor ecosystems and found that methane seeps harbor distinct microbial communities that occur worldwide yet are also locally selected by the environment (Ruff et al. 2015) . Cold seeps are island-like habitats shaped by biogeochemical, rather than geographical barriers (Ruff et al. 2015) . Previous studies have suggested a geographic distribution and distinctive niches for different ANME, whereby ANME-1 and ANME-2 are widespread in different environments and ANME-3 are mainly present in mud volcanoes, dominating only in samples from cold, vigorously emitting methane seeps (Felden et al. 2010; Pop Ristova et al. 2012) . The presence of ANME-1 has been generally correlated with sediment depth and temperature (Ruff et al. 2015) . ANME-2a/b comprise the most widespread and abundant clade, dominant at many cold seep sites, whereas ANME2c are largely detected at sites inhabited by vesicomyid clams but also at other hydrothermal sediments (Knittel et al. 2005; Biddle et al. 2012; Pop Ristova et al. 2012; Felden et al. 2014; McKay et al. 2016) . A shift from ANME-2a/b in the top layers to ANME-1 and/or ANME-2c in deeper depths of sediment is also frequently reported (Orphan et al. 2004; Orcutt et al. 2005; Nunoura et al. 2006; Harrison et al. 2009; Yanagawa et al. 2011) . In addition, an incubation experiment using different concentrations of sulfate and sulfide together with methane demonstrated that ANME-2a/b mainly grow in the presence of high sulfate levels and AOM activity, whereas ANME-1 show no selection (Timmers et al. 2015) . Furthermore, the study suggested that ANME could perform AOM under substrate-limiting conditions or that these microbes possess additional metabolic processes (Timmers et al. 2015) . Nonetheless, more fine-scale investigations of the geographical distribution and niche preferences of ANME are crucial for elucidating environmental factors controlling the ecological niches of different ANME clades and for understanding the ecology and physiology of AOM in marine sediments.
The South China Sea (SCS) is a classical representative of the western Pacific marginal sea, being surrounded by passive continental margins in the west and north and convergent margins in the south and east. Various cold seep sites have been detected on the northern slope of the SCS . The western part of the northern slope is an oil-bearing area and a fault-depression structural basin; a large active cold seep site was discovered there for the first time in 2015 by the Haima remote operated vehicle. Tubeworms (Paraescarpia echinospica), mussels (Bathymodiolus platifrons) and bivalves (Calyptogena sp.) are found in the seep area . In the present study, we investigated and compared archaeal communities in the active seep site and a non-seep control site. Our goals were as follows: (i) to determine the microbial communities involved in methane metabolization in the SCS, particularly with regard to specific methane-metabolizing archaeal groups; (ii) to further evaluate the environmental factors controlling the niche separation and distribution of methane-metabolizing archaea, especially ANME subgroups; and (iii) to investigate interactions between methane-metabolizing microbes and other archaea in the communities present.
MATERIALS AND METHODS

Sample collection and geochemical analyses
Sediment samples were collected from the Haima cold seep area during the cruise '20150402' (R/V Haiyang IV, April 2015). Two piston cores named QDN-14B (∼830 cm) and QDN-31B (∼750 cm) were retrieved from the active seep area named ROV1 and a nonseep control site, respectively (Fig. 1A ) and immediately cut into 3-m-long sections. Subsamples for molecular analyses were obtained using 50-mL cut-end syringes every 5-or 10-cm depth interval and then frozen in liquid nitrogen for nucleic acid extraction. The samples for molecular analysis were kept in liquid nitrogen, transported to the laboratory and stored at -80
• C until further processing. Samples for geochemical analyses were collected using a Rhizon sampler (Rhizosphere Research Products, Netherlands). For ion (sulfate, Ca, Mg, Fe and Mn) measurement, 5-mL porewater samples were acidified with HNO 3 and kept frozen at −20
• C until analysis. For dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) determinations, porewater subsamples were kept at −20 • C until measurement.
Dissolved trace elements (Fe, Mn) in the porewater samples were assessed using a Finnigan MAT ELEMENT high-resolution inductively coupled plasma mass spectrometer (Hu et al. 2015) . Concentrations of SO 4 2− , Mg 2+ , and Ca 2+ were measured using a Dionex ICS-900 ion chromatograph. Concentration and isotopic analyses of DIC were performed with an IsoPrime 100 continuous flow isotope ratio mass spectrometer. The same water sample was used to obtain the DIC concentration and δ 13 C DIC values. The detailed methods have been described previously (Hu et al. 2015) . Porewater DOC was measured with a Shimadzu TOC-V equipped with a nondispersive infrared detector (Joye et al. 2010) .
Nucleic acid extraction
Microbial DNA was extracted from 0.3 g of sediment using the PowerSoil DNA Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) for polymerase chain reaction (PCR) amplification. The extraction was performed according to the manufacturer's instructions, with the following modification: after the addition of solution C1, cells were mechanically lysed three times using a bead beater instrument (Tissuelyser-48, JingXin Corporation, Shanghai, China), for 30 s at a speed of 50 Hz each time, with a 120-s interval between each pulse. 
Archaeal 16S rRNA analysis based on the Illumina sequencing platform (iTAG)
The archaeal hypervariable V4 region of the 16S rRNA gene was amplified using barcoded Arch519/Arch806 primers (Supplementary Table S1 ). Each barcode tag was added to the 5 end of the forward primer. Each PCR mixture contained 6-10 ng total DNA, 5 μL 10× Ex Taq buffer, 4 μL 2. Clone library for methanogen and ANME mcrA genes mcrA genes were amplified using primers ME1 and ME2 (Supplementary Table S1 ). Each PCR contained these primers mixed together, in the same reaction mixture mentioned above. PCR was performed using the following procedure: denaturation at 98 mcrA genes were quantified using primers mlas/mcrA-rev (Supplementary Table S1 ). Triplicate reaction tubes for each sample were used, and each reaction (20 μL) contained 1× SYBR R Premix Ex Taq TM (TaKaRa), 1 μL template DNA, and 1 μM of each forward and reverse primer. A known amount of linearized plasmid DNA containing the mcrA gene fragment was used as standards between 10 and 10 7 copies μL −1 . The amplification efficiency and R 2 value were 99.7% and 0.99, respectively. Thermal cycling was carried out as previously described (Zeleke et al. 2013) for methanogens: 95
• C for 2 min, followed by 40 cycles of 95
• C for 5 s, 55
• C for 30 s and 72
• C for 30 s. Melting curves were analysed to detect the presence of primer dimers. All quantitative PCR reactions were carried out using an ABI 7500 (Thermo Fisher Scientific, USA). The results were evaluated using ABI 7500 Software v2.0.1 (Thermo Fisher Scientific, USA).
Phylogenetic analyses
Sequence quality assessments, chimera detection and downstream phylogenetic analyses were conducted in QIIME (Caporaso et al. 2010b) . For the iTAG library, operational taxonomic units (OTUs; 97% cut-off) with fewer than two members across all samples were removed from further analyses to avoid the generation of spurious OTUs. Representative sequences from each OTU were aligned to the Greengenes imputed core reference alignment (DeSantis et al. 2006) using PyNAST (Caporaso et al. 2010a) . Taxonomical assignments for each OTU were performed in QIIME using the BLAST method (Altschul et al. 1990 ) and the QIIME-formatted version of the SILVA123 reference database. Phylogenetic trees were generated using sequences from the iTAG library that affiliated to ANME and methanogens together with sequences (approximately equal to 1.5 kb) available in the EMBL, GenBank and DDJB databases. The sequences were automatically aligned, and the alignments were manually refined. Phylogenetic trees of 16S rRNA gene sequences were built by maximum-likelihood analysis, and short sequences were added to the tree by parsimony criteria in ARB (Ludwig et al. 2004) . For the clone library, representative OTU sequences for the mcrA gene were selected (97% cut-off). mcrA gene phylogenetic trees were produced by maximum-likelihood analysis in ARB; only nearly full-length sequences were considered for the tree calculation.
Statistical analyses
To minimize differences in sequencing depth among the samples, a rarefied OTU subset was generated by averaging 10 000 evenly resampled OTU subsets for further alpha and beta diversity analyses. Based on this rarefied OTU subset, the abundance of OTUs was summarized at the order level under the assumption that microorganisms share similar traits at these phylogenetic levels. A co-occurrence network was inferred based on a Spearman correlation matrix constructed with the bioDist package (Ding, Gentleman and Carey 2017) . The nodes in this network represent orders, and the edges that connect these nodes represent correlations between each microbial taxon. We adjusted all P-values for multiple testing using the Benjamini and Hochberg false discovery rate controlling procedure (Benjamini, Krieger and Yekutieli 2006) , as implemented in the multtest R package. We constructed co-occurrence networks based on correlation coefficients and false discovery rate adjusted P-values for correlation. The cut-off of false discovery rate-adjusted P-values was 0.005 and that of correlation coefficients was 0.75. To describe the topology of the resulting network, a set of measures (i.e. average node connectivity, average path length, diameter, cumulative degree distribution, clustering coefficient and modularity) were calculated (Newman 2003) . Network properties were calculated with the igraph package. Network images were generated using Gephi (http://gephi.github.io/) (Jacomy, Bastian and Heymann 2009). Distance-based redundancy analysis (Legendre and Anderson 1999) and permutational multivariate analysis of variance (Mcardle and Anderson 2001) were employed to identify which combination of environmental variables better explained the composition of the methane-metabolizing archaeal communities examined. Bray-Curtis distances (Legendre and Legendre 1998) were constructed according to the relative abundance (based on Hellinger-transformed data) of each archaeal group (in the relative abundance matrix, samples from 320, 350 and 390 cm below sea floor (cmbsf) were deleted due to contaminated porewater in these sample). We used a stepwise forward selection based on the Akaike information criterion (Akaike 1998) to identify which set of variables better explained the observed variations in the relative abundance of the archaeal groups. The stepwise routine was run using 999 permutations and R 2 adj (Blanchet, Legendre and Borcard 2008) as the selection criterion. The environmental data matrix included sediment depth, DOC, δ 13 C DIC , DIC, sulfate concentration, and Fe, Mn, Ca and Mg concentrations, which were standardized by subtracting their mean and dividing by their standard deviation. Distance-based redundancy analysis was conducted mainly under the vegan package (Oksanen et al. 2013 ) and the packfor package. All statistical analyses were mainly performed using R (http://www.r-project.org/).
RESULTS
Core description and sediment geochemistry
In the piston core QDN-14B collected from the active seep site, numerous gas bubbles were observed, and sediment breaks occurred at 50, 100 and 780 cmbsf due to degassing during retrieval (Fig. 1B) . A strong smell of hydrogen sulfide was detected during core processing. In contrast, no visible gas bubbles or sulfide smell were noted in the typical yellow-brownish sediment from core QDN-31B obtained at the non-active control site (Fig. 1C) .
The detailed geochemical profiles of the two cores will be published elsewhere (Yu Hu et al. in preparation) . For QDN-14B, the concentration of sulfate decreased sharply with depth, from 28 mM at 10 cmbsf to the detection limit of 0.1 mM at 400 cmbsf. The DIC content was generally constant in the upper 240 cmbsf (∼6 mM) and then increased to 27 mM at 480 cmbsf. The δ 13 C value of DIC became more negative from −6 in the surface sediment to −53 at 300 cmbsf and then positively increased to −36 below 400 cmbsf. The methane concentration was not measured due to a concern regarding gas leakage during the sampling process. Based on the sulfate, δ 13 C DIC and DIC profiles, the sulfate methane transition zone (SMTZ) of QDN-14B was estimated to be ∼300-400 cmbsf (Fig. 2) . In contrast, for the QDN-31B core, sulfate concentrations varied slightly from 28 mM at the surface to 25 mM at the bottom ( Supplementary  Fig. S1 ).
Microbial abundance
Quantitative PCR (qPCR) was used to separately estimate the total numbers of bacterial and archaeal small subunit rRNA genes.
In the QDN-14B core, the archaeal 16S rRNA gene copy number varied between 4.9 × 10 4 and 6.1 × 10 6 copies g −1 wet weight sediment ( Supplementary Fig. S2A ), and that for bacteria ranged from 1.9 × 10 6 to 3 × 10 7 copies g −1 wet weight sediment (Supplementary Fig. S2A ). The abundance of the bacterial 16S rRNA gene was ∼2 times higher than that of archaea. The ratio of archaeal vs. bacterial cells ranged from 7% to 68% (Supplementary Fig.  S2C ). In the surficial layer, the ratio was more than 60% and then decreased with depth; an exception was at 650 cmbsf with 65%. Bacterial abundance in the QDN-31B core ranged between 2.1 × 10 6 and 1.4 × 10 7 copies g −1 wet weight sediment, decreasing gradually with depth ( Supplementary Fig. S2B ). Archaeal abundance varied between 1.4 × 10 4 and 1.2 × 10 6 copies g −1 wet weight sediment and decreased sharply with depth (Supplementary Fig. S2B ). The ratio of archaeal vs. bacterial cells varied between 1% and 25% and decreased with depth; the ratio was (The number of sequences in each sample was normalized by randomly selecting a subset of 10 000 sequences from each sample.) (B) Relative abundance of ANME and methanogen-related sequences in iTAG dataset from the QDN-14B core. Percentages refer to total sequences affiliated to ANME and methanogen-related sequences; the dark red triangles showed the sulfate concentrations in the QDN-14B core.
much lower than that observed for the QDN-14B core (Supplementary Fig. S2C ).
As all methane-metabolizing archaea possess the conserved enzyme methyl-coenzyme M reductase (MCR), assessment analysis of the gene (mcrA) encoding the α-subunit of MCR permits independent analysis of the methane-cycling archaeal community. Accordingly, mcrA gene copy number in sediments from the surface to bottom layers was determined (Fig. 3A) . In the QDN-14B core, mcrA gene abundance ranged from 10 3 to 10 7 copies g −1 wet weight sediment, with the lowest of 1.8 × 10 3 at 590-600 cmbsf and the highest of 10 6 -10 7 at 350-450 cmbsf. The mcrA copy number was less than 10 5 copies g −1 wet weight sediment in shallow layers (sulfate reduction zone; 0-300 cmbsf), becoming highly abundant at 300-400 cmbsf (estimated SMTZ; ∼5.08 × 10 6 copies g −1 ). In the sediment below the estimated SMTZ, another peak of mcrA copy number was found in the methanogenic zone, 4.37 × 10 6 copies g −1 at 450 cmbsf, decreasing sharply with depth down to 10 3 copies g −1 at 650 cmbsf. In contrast, the copy number of the mcrA gene was below the detection limit in the QDN-31B core.
Archaeal diversity analysis
Sixteen subsamples covering the surficial layers to the bottom layers of the QDN-14B core and 13 subsamples from the QDN-31B core (for details, see Supplementary Table S2) were used for DNA isolation and archaeal diversity analysis. In total, 1 181 918 high-quality sequences were generated from sediment samples obtained from these two cores (median = 34 716 sequences, ranging from 14 420 to 79 022 sequences). At a threshold of 97% sequence identity, 16 888 OTUs were identified (median = 2083 OTUs, ranging from 1049 to 4221 OTUs). Although no observed species rarefaction curve plateaued under the current sequencing depth ( Supplementary Fig. S3A ), Shannon diversity indices reached stable values, indicating that those sequences cover the diversity of archaeal populations in the investigated samples ( Supplementary Fig. S3B ). In general, the recovered archaeal sequences from both cores belong to the following phyla: Euryarchaeota, Thaumarchaeota, Woesearchaeota, Bathyarchaeota, Lokiarchaeota, Marine Hydrothermal Vent Group, Aigarchaeota, Aenigmarchaeota (Deep Sea Euryarchaeota Group; DSEG; Rinke et al. 2013) , Ancient Archaeal Group and other unclassified archaeal groups. In the QDN-14B core, the sediment layers (0-300 cmbsf) above the estimated SMTZ contained Euryarchaeota, Woesearchaeota and Bathyarchaeota as major archaeal groups. Within Euryarchaeota, 10-35% of the recovered sequences belong to the uncultured Marine Benthic Group D. Bathyarchaeota accounted for 9-36% of the total archaeal groups. In the estimated SMTZ sediment (300-400 cmbsf), Euryarchaeota and Woesearchaeota were found to be major groups, accounting for 10-42% and 26-50% of the total sequences obtained, respectively ( Supplementary  Fig. S4A ). The percentage of methane-metabolizing sequences reached a peak at the estimated SMTZ, comprising nearly 50% Euryarchaeota. Below the estimated SMTZ, Euryarchaeota, Woesearchaeota and Lokiarchaeota were major groups, with Marine Benthic Group D being the dominant group of Euryarchaeota. Lokiarchaeota was predominant in sediments at 550-560 cmbsf and 650-660 cmbsf, accounting for 47% and 51%, respectively ( Supplementary Fig. S4A ).
Similar to the QDN-14B core, the major archaeal phyla of the QDN-31B core were Euryarchaeota, Woesearchaeota, Bathyarchaeota and Lokiarchaeota. However, methanogens and ANME groups were scarce in QDN-31B, representing only ∼0.3-0.7% of total archaeal sequences ( Supplementary Fig. S4B ). Despite these differences, no significant differences in any of the alpha diversity indices measured were found for QDN-14B and QDN-31B archaeal communities (based on Shannon and Chao1 indices; Supplementary Fig. S5 ).
Methane-metabolizing archaea
Sequences affiliated with methanogens and ANME, which represent 0.5% and 4%, respectively, of the total archaeal sequences from QDN-14B, were retrieved, and phylogenetic analysis demonstrated that the QDN-14B sediment methanogens belong to Methanomicrobiales and Methanosarcinales (Fig. 4) . Sequences belonging to Methanomicrobiales were found to be minor archaeal groups, representing only 0.14% of total archaeal sequences.
Methane-oxidizing archaea within QDN-14B sediments included ANME-2a/b, ANME-2c, GoM-Arc1 (ANME-2d) and ANME-1 (Fig. 3B) . ANME-2a/b was the predominant clade, accounting for 96% of the total sequences affiliated with ANME groups in the sediment layer of 350-360 cmbsf (Fig. 3B) . ANME-1-affiliated sequences from all samples of QDN-14B were categorized as ANME-1b and further divided into three subgroups: ANME-1bI, ANME-1bII and ANME-1bIII (Fig. 3B) . 16S rRNA gene similarity values among ANME-1bI, II and III were approximately 88-94%. Compared with ANME-2a/b, these ANME-1b sequences showed an opposite distribution trend (Fig. 3B ): ANME-2a/b dominated in the high-sulfate sediments and upper layers of the estimated SMTZ and were decreased and replaced by ANME-1b in the bottom layers of the estimated SMTZ and the methanogenic zone. Furthermore, ANME-1bII and ANME-1bIII appeared to show different trends of occurrence: the relative abundance of ANME1bII decreased, but ANME-1bIII increased, gradually with depth.
In the phylogenetic tree of the 16S rRNA gene, some OTUs were classified into Deep-sea Hydrothermal Vent Euryarchaeota group 5 (DHVE-5), which was first retrieved from various hydrothermal vent environments belonging to the uncultivated phylogenetic group, DHVE group II (Takai and Horikoshi 1999) . DHVE-5 is a very large and diverse group, often found in the hydrothermal vent environments (Takai and Horikoshi 1999; Ehrhardt et al. 2007; Lever and Teske 2015) , and also detected in other environments, such as freshwater and hypersaline lake sediments (Briée, Moreira and López-García 2007; Swan et al. 2010) , marine water column (Madrid et al. 2001 ) and shallow organic rich sediments (Durbin and Teske 2012; Zhuang 2014) , and basalt and evaporitic salt crust (Ehrhardt et al. 2007; Sahl, Pace and Spear 2008) . DHVE-5 is closely related to the Methanosarcinales based on 16S rRNA gene phylogenetic analysis, suggesting a relation with mesophilic or thermophilic methanogens (Ortmann 2005) . However, the ecological functions of this archaeal group remain to be revealed.
In addition, mcrA gene clone libraries for three sediment layers (350-360, 450-460 and 550-560 cmbsf, within, beneath and deep than the estimated SMTZ, respectively) were constructed and analysed. In total, 150 mcrA gene sequences were obtained from the QDN-14B core and classified into mcrA groups c, d, e and f, an ANME-1-related group and Methanomicrobiales (Supplementary Fig. S6 ).
Archaeal network analysis
To study interactions among abundant archaeal groups, cooccurrence analysis based on the relative abundance of each archaeal group was utilized. The resulting archaeal network consists of 28 nodes (order level) and 41 edges (average degree 2.93, see Supplementary Fig. S7 for the cumulative degree distribution). The average network distance between all pairs of nodes (average path length) was 1.38 edges, with a diameter (longest distance) of 2 edges. The clustering coefficient (i.e. how nodes are embedded in their neighborhood and, thus, the degree to which they tend to cluster together) was 0.906, and the modularity index was 0.717 (values >0.4 suggest that the network has a modular structure; Newman 2006). Overall, the microbial network was composed of highly connected OTUs (>3 edges per node) structured among densely connected groups of nodes (i.e. modules), forming a clustered topology (as expected for realworld networks that are more significantly clustered than random graphs). Further details of the interactions of ANME with other archaeal groups are depicted in Fig. 5 . ANME-2a/b, ANME2c, Bathyarchaeota-8, Bathyarchaeota-14, the DSEG unclassified order and Marine Group I (MG-I) tended to constitute a module ( Fig. 5 ; archaeal groups in the module are highlighted by colored circles), and these groups were isolated from others ( Fig. 5 ; colored circles disconnected from other grey circles).
Environmental factors shaping the distribution of methane-metabolizing archaea
To further understand the influence of environmental parameters on the taxonomic composition of ANME and methanogens, we carried out stepwise forward selection to identify which set of variables better explains variations in the relative abundance of ANME and methanogen groups. The environmental parameters included sediment depth and sulfate, DIC, DOC, δ 13 C DIC , and Fe, Mn, Ca and Mg concentrations. The best distance-based linear model indicated that sulfate and DIC concentrations were the main predictor variables, explaining 37% (axis 1: 32.6%, axis 2: 10.5%) of the total variation in the methane-metabolizing archaeal composition (Fig. 6) . The first axis of the distance-based redundancy analysis plot (explaining 32.6% of the variation) separated the top from bottom sediment samples, whereas the second axis, explaining 10.5% of the fitted variation, mainly separated suboxic from anoxic, sulfide-rich samples. All ANME-1b subgroups correlated with DIC, whereas ANME-1bIII showed a stronger correlation with DIC than did ANME-1bII and ANME1bI. ANME-2a/b correlated strongly with sulfate and occurred preferentially in the high-sulfate sediment (Fig. 6 ).
DISCUSSION
More than 30 seep sites have been discovered on the northern slope of the SCS , among which 'Site F' (also called the Formosa Ridge) southwest of Taiwan island and the 'Haima cold seep' are the only two still-active seep sites. In March 2015, the Haima cold seep was first discovered on the lower continental slope of the northwestern SCS. The water depth is approximately 1350-1430 m, approximately 1000 km from Site F . Using gravity and piston cores, gas hydrates were recovered in subsurface sediments at approximately 4 m below the seafloor , and living tubeworm colonies (P. echinospica) and mussel (B. platifrons) patches were found scattered throughout the Haima seep site . Here, we report the methane-metabolizing archaeal communities in a sediment core from the 'Haima' cold seep; this study represents the first insightful investigation of methanemetabolizing microbes in active seep sites of the SCS.
Diversity of methane-metabolizing microbes
We used 16S rRNA and mcrA genes to investigate diversity among methane-metabolizing microbes. According to 16S rRNA gene analysis, methanogens and ANME in the QDN-14B sediment core include Methanomicrobiales, Methanosarcinales, ANME-1, ANME-2a/b, ANME-2c and GoM-Arc1 (ANME-2d) (Fig. 4) . In addition, mcrA gene analysis revealed that the QDN-14B core contains mcrA groups c, d, e and f, the ANME-1-related group, and Methanomicrobiales ( Supplementary Fig. S6 ). mcrA groups c and d are phylogenetically congruent with ANME-2c, and mcrA group e has a distinct lineage within ANME-2a/b (Hallam et al. 2003) ; mcrA group f (Hallam et al. 2003) is congruent with the ANME-3 group. Except for ANME-3, the mcrA gene phylogenetic tree is basically consistent with the archaeal iTAG results (Supplementary Fig. S6 ).
Most members of the Methanomicrobiales are hydrogenotrophic methanogens, which produce methane with H 2 /CO 2 (Liu and Whitman 2008) . The Methanosarcinales comprise highly versatile species that are capable of methanogenesis using various substrates (acetate, C1 compounds, CO 2 /H 2 ), and the genera Methanosarcina and Methanosaeta are known to convert acetate into methane (Sprenger et al. 2000) .
Furthermore, members of the Methanosarcinales constitute a major component of methanogenic archaeal groups, accounting for 92% of methanogen populations (Fig. 3B) . The majority (99%) of sequences within the order Methanosarcinales clustered closely with methylotrophic methanogens that can utilize methanol and C1 compounds to produce methane, and these putative methylotrophs were found distributed along the entire core (Fig. 3B) . Members of the Methanosarcinales clustering with acetate-utilizing methanogens were also found, though in a minor percentage and mainly within the methanogenic zone (500-750 cmbsf, Fig. 3B ). The predominance of putative methylotrophic methanogens in QDN-14B suggested that biogenic production of methane in this sediment may stem from conversion of methanol and C1 compounds. This finding is consistent with the methanogenesis rate measured with radiotracers, which showed the highest rate of methylotrophic methanogenesis from methanol in the sulfate-reducing sediment of the Haima seep area (Zhuang et al., in preparation) .
ANME-1b may have diversified metabolic capabilities
Potential environmental parameters that affect the preferential habitat of ANME are considered to be in situ temperature, methane concentration, water and sediment depth or differential tolerance to oxygen or sulfate (Knittel et al. 2005; Ruff et al. 2015; Timmers et al. 2015) . We conducted multivariate analysis to determine the environmental factors influencing the diversity of methane-metabolizing archaea (Fig. 6) . Parameters of sulfate, DIC, DOC, δ 13 C DIC , sediment depth, and Mg, Ca, Mn and Fe concentrations were considered in this study. Distance-based redundancy analysis results indicate sulfate and DIC as the main predictor variables for ANME and methanogens. All subgroups of ANME-1b were highly correlated with DIC, and ANME-2 was closely associated with sulfate. Niche separation of ANME subgroups at around the SMTZ has previously been observed in methane-seep sediments (Knittel et al. 2005; Yanagawa et al. 2011) . ANME-2a/b are often identified in shallower sediments containing comparatively higher sulfate concentrations, whereas ANME-1 are found in sulfatedepleted, deeper sediments. Our results support the above observations, demonstrating a niche separation of ANME-1 and ANME-2a/b, with ANME-1 appearing under anoxic, sulfide-rich conditions and ANME-2a/b in shallow, sulfate-rich sediments (Fig. 3) . Moreover, we performed fine-scale phylogenetic analysis of ANME, refining the ANME-1b group into three subgroups: ANME-1bI, II and III (Fig. 4) . Inter-subgroup 16S rRNA gene similarity for ANME-1bI, II and III is approximately 88-94%. ANME1bI and III contain sequences from various seep sediments, such as the Eel River Basin and Gulf of Mexico methane seeps (Fig. 4) , whereas ANME-1bII contain sequences only retrieved from the SCS (not only sediments from this study but also from other SCS sites, as shown in our laboratory's unpublished data). ANME1bII may represent a specific subgroup of ANME in the SCS, but this possibility requires further study. ANME-1bII and III were found to be dominant subgroups of ANME-1, constituting nearly 99% (ANME-1bIII accounted for 57% and ANME-1bII for 42%) of ANME-1 sequences in the sediments (Fig. 3B) . These ANME1b subgroups also exhibit niche separation in the sediments. ANME-1bI was only present in the deep methanogenic zone of the sediment core (550, 650 and 750 cmbsf) (Fig. 3B) . ANME-1bII and III co-occurred at the bottom of the estimated SMTZ and the upper parts of the methanogenic zone. However, the relative abundances of ANME-1bII and III showed opposite trends, with the former decreasing and the latter increasing with depth.
Based on metagenomic, metatranscriptomic and metaproteomic studies of ANME, anaerobic methane oxidation has been suggested to be a reversal of the process of methane production, as a majority of the key enzymes for methanogenesis from CO 2 and H 2 have been identified (Hallam et al. 2004; Meyerdierks et al. 2005 Meyerdierks et al. , 2010 Stokke et al. 2012; Wang et al. 2014) . It has been proposed in several studies that ANME-in particular ANME-1-may have methane production capacity, mostly due to observations that ANME are abundant and active in the methanogenic zone of sediments (Lloyd, Alperin and Teske 2011; Yanagawa et al. 2011; Jagersma et al. 2012; Bertram et al. 2013 ). However, carbon back flux from AOM may extend the SMTZ into the methanogenic zone, where ANME may actually perform AOM under sulfate-limited conditions (Yoshinaga et al. 2014) . Thus, it remains speculative whether the increasing abundance of ANME-1b ( Fig. 3B ) with depth is due to the superior ability of ANME-1 to switch to methanogenic metabolism or the thermodynamic and kinetic constraints of AOM at low concentrations of sulfate. Alternatively, there are other unknown constraints for ANME niche separation. Indeed, even within the ANME-1b group, we observed different distribution trends for the subgroups (I, II and III), which strongly suggests that they may possess diverse metabolic capabilities.
Co-occurrence analysis
The analytical framework we present was able to detect ecologically relevant relationships between microbial taxa (Fig. 5) . We conducted co-occurrence analysis to explore the potential ecological roles of uncultured archaeal groups. The results show that some uncultured archaeal groups comprise a module that includes anaerobic methane oxidizers ANME-2a/b, ANME2c, Bathyarchaeota-8 and 14, MG-I and an unclassified order of DSEG (Fig. 5) . These co-occurring microorganisms may exhibit their distinct metabolic capabilities within communities, and strong correlations in the relative abundances of different taxa might help to elucidate syntrophic partnerships and/or common metabolic preferences. ANME are methane oxidizers, mostly forming syntrophic relationships with sulfate-reducing bacteria, though the putative interaction relationships between ANME-2 and other archaeal groups are not unknown. These archaea most likely have an indirect trophic relationship. Bathyarchaeota are largely suggested to be heterotrophs, capable of degrading various organic matter in marine sediments (Webster et al. 2010; Lloyd et al. 2013; Meng et al. 2014; Seyler, McGuinness and Kerkhof 2014) . Acetogenesis and methane-metabolizing capacities in anaerobic sediments have also been proposed for members of the Bathyarchaeota (Evans et al. 2015; He et al. 2016) . Recently, Yu et al. found a strong correlation between Bathyarchaeotal abundance with the content of total organic carbon, suggesting an important role for Bathyarchaeota in organic matter remineralization in sediments of the SCS (Yu et al. 2017) . The metabolic functions and ecological roles of Bathyarchaeota, and its possible roles in methane cycling in marine sediments, warrant further investigations. DSEG are often found in cold seeps, though their ecological functions remain unknown (Kaku et al. 2005; Nunoura et al. 2012 Nunoura et al. , 2015 Aoki et al. 2014) . MG-I archaea of Thaumarchaeota are the dominant archaeal group in deep marine water (Brochier-Armanet et al. 2008; Pester, Schleper and Wagner 2011; Brochier-Armanet, Gribaldo and Forterre 2012) ; however, a large number of MG-I are also reportedly found in sediments, such as the Peru margin, Cascadia margin sediment and Castle Vent Field (Durbin and Teske 2010; Jorgensen et al. 2012) . Although Thaumarchaeota are mostly known as ammonium oxidizers in marine waters, heterotrophic metabolism has also been suggested (Jorgensen et al. 2012) . The metabolic functions of MG-I in sediments are largely unknown. Moreover, the trophic relationships within the observed module of archaeal groups are currently not understood; they may be involved in complementary or synergistic interactions for food and energy benefit, though more investigations are required. To understand interactions occurring within entire communities, bacterial partners should also be investigated in the future.
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